We conducted a study of whether treatment with glial cell line-derived neurotrophic factor (GDNF) initiated at 2 or 4 weeks after spinal-root avulsion could promote survival and regulate neuronal nitric oxide synthase (nNOS) expression in adult rat spinal motoneurons. By 6 weeks after root avulsion, the treatment given at 2 weeks not only increased motoneuron survival (86.1% vs. 27.9%), but also reversed the atrophy of injured motoneurons and increased their somatic size (101.3% vs. 52.9%) in comparison to the untreated control group of animals. All surviving motoneurons in the GDNF-treated group showed immunoreactivity for choline acetyltransferase. In contrast, GDNF treatment at 4 weeks post-injury failed to promote motoneuron survival (33.1% vs. 27.9%) at 6 weeks compared to the control group. Both the 2-and 4-week post-injury treatments downregulated nNOS expression. This finding suggests that injured adult motoneurons die shortly (a few weeks in the rat) after root avulsion injury, but can be saved from degeneration by treatment within the proper time frame after injury, which in the case of GDNF treatment in rats, appears to be within 2 weeks of the avulsion injury of the spinal root. These findings provide useful information for choosing the best time frame for the potential clinical treatment of brachial plexus avulsion.
INTRODUCTION D
EATH OF ADULT SPINAL MOTONEURONS after avulsion of the spinal root (Li et al., 1995; Yuan et al., 2000) is thought to be caused by deprivation of neurotrophic support, since exogenous glial cell line-derived neurotrophic factor (GDNF) (Li et al., 1995; Watabe et al., 2000; Yuan et al., 2000; Natsume et al., 2002; Wu et al., 2003; Blits et al., 2004 ), brain-derived neurotrophic factor (BDNF) (Novikov et al., 1995; Kishino et al., 1997; Chai et al., 1999) , or both can prevent motoneuron loss when given immediately after avulsion. Although it is generally accepted that delayed application of neurotrophic factors is unable to prevent the death of injured neurons (Liu et al., 1999; von Meyenburg et al., 1998; Decherchi and Gauthier et al., 2000; Tobias et al., 2003; Wu et al., 2004) , recent studies have found that injured neurons may only atrophy rather than die (Kwon et al., 2002) . In fact, administration of BDNF at 1 year after spinal cord injury (SCI) has been shown to reverse atrophy of neurons in the red nucleus (Kwon et al., 2002) , while the administration of GDNF to the injured spinal cord at 4 weeks after injury has been found to stimulate the expression of regeneration-associated genes in axotomized rubrospinal neurons (Storer et al., 2003) .
With the brachial-root avulsion, treatment with GDNF immediately post-avulsion has been effective for enabling the survival of injured neonatal and adult motoneurons (Wu, 1993; Oppenheim et al., 1995; Honma et al., 2002; Boyd and Gordon, 2003; Sakamoto et al., 2003) . Because these findings are encouraging for the potential treatment and improved prognosis of chronic SCIs, we conducted a study to determine whether motoneurons die or rather only undergo atrophy after root avulsion. Additionally, we evaluated whether delayed treatment with GDNF can rescue injured motoneurons from avulsion-induced degeneration. We also studied the expression of neuronal nitric oxide synthase (nNOS) and choline acetyltransferase (ChAT) after delayed treatment with GDNF.
METHODS
Forty adult male Sprague-Dawley rats (200-250 g), obtained from the Laboratory Animal Unit (LAU) of Hong Kong University, were anesthetized intramuscularly with ketamine (80 mg/kg) and xylazine (8 mg/kg), and subjected to dorsal laminectomy under aseptic conditions. Under an operating microscope, the seventh cervical (C7) ventral and dorsal roots were isolated and avulsed according to our previously described protocol (Wu, 1993; Wu et al., 2003 Wu et al., , 2004 . The avulsed roots and dorsal-root ganglia were cut away from the peripheral nerves and examined under a dissecting microscope to confirm the success of the avulsion. Three groups of five animals each were used as sham-treated controls and received normal saline. These groups were allowed to survive for 3, 4, and 6 weeks after injury, respectively. Three further groups of six animals each received GDNF at 2 weeks after avulsion and were also allowed to survive for respective periods of 3, 4, and 6 weeks after injury. A third group of seven animals received GDNF at 4 weeks after avulsion (4-week delayed GDNF) and was allowed to survive for 6 weeks after injury.
GDNF was applied according to a previously described method (Chai et al., 1999; Yuan et al., 2000; Wu et al., 2003) . Briefly, rats were re-anesthetized at 2 or 4 weeks after avulsion. Scar tissue over the lesioned area was removed, the dura mater was cut, and the subarachnoid space was reopened. The injured C7 ventral root remnants were excised. A small piece of Gelfoam (Pharmacia and Upjohn, Peapack, NJ) soaked in 4 L of GDNF (5 g/L) was then placed in contact with the C7 ventral-root remnants (Wu et al., 2003) . Sham-treated control rats received Gelfoam soaked in normal saline.
At the end of each survival period, rats were euthanized with a lethal dose of sodium pentobarbital (Nembutal). The thoracic cavity was opened, and the heart was perfused with normal saline followed by 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS). After perfusion, the C7 spinal segments were harvested, immersion-fixed in fresh fixative for 4-6 h, and treated overnight with cryoprotection in 30% phosphate-buffered sucrose. The C7 spinal segment was defined from the dorsal aspect of the spinal cord as beginning from the lower edge of the C6 dorsal rootlets and extending to the upper edge of the C8 dorsal rootlets. We have previously shown that this segment contains motoneurons of the C7 ventral root (Wu, 1993; Li et al., 1995) . On the day after harvesting, the C7 segments were sectioned serially into 40-m-thick transverse sections and collected in 0.1 M PBS. Half of the sections from each rat were stained for cell counting and the other half by immunocytochemistry for nNOS and ChAT.
The immunocytochemical procedures used were similar to those used in previous studies (Wu, 1996; Wu et al., 2004) . Briefly, spinal cord sections were incubated in primary antibody to nNOS or ChAT for 48 h at 4°C. The primary antibody was applied at a concentration of 1:1500 in the case of anti-nNOS (Santa Cruz Biotechnology, Inc.) and 1:800 in the case of anti-ChAT (Santa Cruz Biotechnology, Inc.), diluted in both cases in 0.1 M PBS containing 2% normal serum and 0.2% Triton X-100. The sections were then washed three times in PBS for 10 min each and incubated in biotinylated secondary antiserum (Vectastain ABC Kit; Vector Lab, Burligame, CA) for 40 min at room temperature. The sections were next rinsed and incubated in avidin-biotin conjugation (ABC) reagents (Vectastain ABC Kit) for 60 min, and were then washed thoroughly and incubated in 0.05% diaminobenzidine (DAB) and 0.03% H 2 O 2 for 3-5 min, until a brown reaction product was observed.
The numbers of surviving motoneurons were counted in neutral red-stained sections according to a previously described method (Wu, 1993 (Wu, , 1996 Oppenheim et al., 1995; Wu et al., 2003 Wu et al., , 2004 . Motoneurons in the C7 spinal segment were counted blindly on both sides of the spinal cord. With microscopy at a magnification of 40ϫ, the outline, perimeter, and areas of the cell bodies of motoneurons were traced, digitized, and calculated via a Neurolucida system (Micro Bright Field, Inc., Colchester, VT) attached to the microscope (Li et al., 1995; Gu et al., 2004) . The number of intact cord motoneurons con-MOTONEURON SURVIVAL WITH DELAYED APPLICATION OF GDNF tralateral to the side of injury served as an internal control and was expressed as 100%. This approach has been proven a reliable control in previous studies (Wu 1993; Li et al., 1995; Novikov et al., 1995; Oppenheim et al., 1995) . The number and size (mean Ϯ SD) of surviving motoneurons in the lesioned side of the cord were described quantitatively as percentages of the normal control number and size, respectively, of motoneurons in the contralateral side. The number of nNOS-positive motoneurons was described quantitatively as the percentage of surviving motoneurons in the ipsilateral side of the cord.
Statistical Analysis
All data are expressed as mean Ϯ SD, and were compared through one-way analysis of variance (ANOVA) followed by a Tukey-Kramer multiple comparisons test. Statistical significance was set at p Ͻ 0.05.
RESULTS
In the sham-treated control groups, in which animals underwent root avulsion and delayed treatment with saline, the percent survival of injured motoneurons was 82.3 Ϯ 3.1% at 3 weeks, 43.5 Ϯ 6.0% at 4 weeks, and 27.9 Ϯ 5.2% at 6 weeks after injury ( Fig. 1) . By 6 weeks after injury, almost all motoneurons in the lesioned side of the cord had died and disappeared. The few remaining motoneurons showed a condensed cytoplasm ( Fig. 2A) . The number of surviving motoneurons in the group treated with GDNF at 2 weeks after injury was significantly greater than that in the sham-treated control group, at 84.5 Ϯ 10.5% at 3 weeks, 88.5 Ϯ 9.3% at 4 weeks, and 86.1 Ϯ 5.2% at 6 weeks, respectively (Fig. 1) . The surviving motoneurons in this treatment group (Fig. 2B) were morphologically similar to those in the normal control group (Fig. 2C) . In contrast, treatment with GDNF at 4 weeks after injury did not increase the percent survival of motoneurons (33.1 Ϯ 5.5% at 6 weeks after injury) compared to the sham-treated control group (Fig. 1) .
Spinal-root avulsion also induced atrophy of the injured motoneurons. The somatic size of motoneurons in the lesioned side of the spinal cord in the sham-treated control group was respectively 97.4% Ϯ 4.9% at 3 weeks, 82.8 Ϯ 5.4% at 4 weeks, and 52.9 Ϯ 7.9% at 6 weeks of the normal control values (Fig. 3) . Treatment with GDNF reversed the atrophy of motoneurons caused by root avulsion. In the group treated at 2 weeks post-injury, the size of motoneurons in the lesioned side of the cord was 113.9 Ϯ 9.0% at 3 weeks, 114.1 Ϯ 12.6% at 4 weeks, and 101.3 Ϯ 7.8% at 6 weeks after injury as compared with the normal control value (Fig. 3) . The rescued motoneurons showed hypertrophy at early stages after avulsion injury (data not shown).
Spinal motoneurons downregulate their expression of ChAT after root avulsion, as shown immunocytochemically. We found only a few injured motoneurons that stained immunocytochemically for ChAT in the lesioned side of the spinal cord in the sham-treated control group at 3 weeks after injury (Fig. 2D ). By contrast, treatment with GDNF at 2 weeks after injury restored the density and distribution of ChAT-positive motoneurons on the lesioned side of the cord (Fig. 2E) to an extent similar to that of motoneurons in the contralateral side (Fig. 2F) .
The patterns of avulsion-induced nNOS expression by spinal motoneurons in the lesioned side of the cord were similar to those observed in our previous studies (Wu, 1993 (Wu, , 1996 . The percent of nNOS-positive motoneurons in the sham-treated control group was 68.6 Ϯ 8.8% at 3 weeks, 55.7 Ϯ 11.8% at 4 weeks, and 39.1 Ϯ 10.0% at 6 weeks after injury (Fig. 4) . Treatment with GDNF significantly downregulated the expression of injury-induced nNOS. In the group treated with GDNF at 2 weeks after injury, the number of nNOS-positive motoneurons decreased significantly, to 8.8 Ϯ 3.0% at 3 weeks, 10.8 Ϯ 4.3% at 4 weeks, and 3.7 Ϯ 0.5% at 6 weeks (Fig. 4) . Immunocytochemical staining revealed that most motoneurons in the sham-treated control group were nNOS positive at 3 weeks after root avulsion (Fig. 2G) . Treatment with GDNF not only reduced the number of nNOSpositive motoneurons, but also reduced the density of immunocytochemical staining for nNOS (Fig. 2H) . Motoneurons in the contralateral side of the cord were nNOS-negative (Fig. 2I) . 
DISCUSSION
The present study shows that treatment with GDNF at 2 weeks, but not at 4 weeks, after spinal-root avulsion provides the neuroprotective effects needed to promote cell survival, reverse atrophy, and restore ChAT synthesis by adult spinal motoneurons in the rat.
Following avulsion, more than 80% of injured motoneurons in the spinal cord display retrograde atrophy and subsequently die (Wu, 1993) . The exogenous administration of GDNF directly to the site of SCI has been shown to rescue injured motoneurons from degeneration, with the immediate application of a single dose of GDNF rescuing 92% of neonatal rat motoneurons at up to 1 week (Yuan et al., 2000) and 90% of adult rat motoneurons up to 6 weeks (Wu et al., 2003) after root avulsion. In the study reported here, we show that a single dose of GDNF given at 2 weeks after injury has effects that persist for at least 6 weeks, rescuing more than 80% of injured motoneurons, a figure consistent with previous reports (Li
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FIG. 2.
Cross-sections of C7 spinal segments from rats given delayed glial cell line-derived neurotrophic factor (GDNF) treatment after right C7 root avulsion. By 6 weeks after injury, almost all motoneurons on the lesioned side have died and disappeared, and the few remaining motoneurons show a condensed cytoplasm (A, arrow). The number of surviving motoneurons in the group treated with GDNF at 2 weeks after avulsion was significantly greater than that in the sham-treated control group. The surviving motoneurons in the group treated with GDNF at 2 weeks after avulsion (B) were morphologically similar to those in the normal control group (C). At the end of the third week after injury, only a few motoneurons in the lesioned side of the spinal cord of the sham-treated control group stained immunocytochemically for choline acetyltransferase (ChAT) (D). By contrast, GDNF treatment at 2 weeks after avulsion restored the density and distribution of immunocytchemical staining for ChAT in motoneurons in the lesioned side of the cord (E) to an extent similar to that in the contralateral normal side (F). At the end of the third week after avulsion, immunocytochemical staining revealed that most motoneurons in the sham-treated control group were nNOS-positive (G). Treatment with GDNF not only reduced the number of neuronal nitric oxide synthase (nNOS)-positive motoneurons, but also reduced the density of immunocytochemical staining for nNOS (H) to an extent comparable to that in motoneurons in the contralateral normal side of the cord, which were nNOS-negative (I). Scale bar ϭ 50 m (A-C), 100 m (D-I). Oppenheim et al., 1995; Wu et al., 2003) . More importantly, a single dose of GDNF applied at 2 weeks after injury affects motoneuron survival to a degree similar to that observed with continuous infusion of GDNF (Bergerot et al., 2004) and with the infusion of virus vector-encoded GDNF (Watabe et al., 2000; Blits et al., 2004 ) begun immediately after root avulsion.
Treatment with GDNF at 2 weeks after spinal-root avulsion also reverses atrophy and restores the ChATsynthetic capacity of surviving motoneurons, a finding comparable to that seen in motoneurons treated with GDNF immediately after avulsion (Henderson et al., 1994; Li et al., 1995; Oppenheim et al., 1995; Chai et al., 1999; Hottinger et al., 2000; Yuan et al., 2000; Boyd and Gordon, 2003; Wu et al., 2003) . While the somatic size of motoneurons has been positively related to their activity (Kanda and Hashizume, 1998) , the mechanism of GDNF-induced hypertrophy of motoneurons is unknown. However, it is thought to represent a compensatory response of injured motoneurons (Bussmann and Sofroniew, 1999) . In the present study, avulsion-induced downregulation of ChAT could have been related to motoneuron loss and decreased ChAT protein content in injured motoneurons. GDNF may serve as a retrograde signal to such motoneurons to stimulate ChAT synthesis. This concept is supported by models of facial nerve injury in which exogenous GDNF given by intramuscular injection has functioned in a retrograde manner to stimulate ChAT synthesis (Hammarberg et al., 2000) , as well as by the finding that GDNF can be transported in a retrograde manner and upregulate ChAT synthesis by facial motoneurons (Keir et al., 2001) .
The most important finding in the present study was the fact that the rescue of motoneurons after root avulsion occurs only with GDNF treatment given at 2 weeks and not at 4 weeks after injury. This finding is consistent with our finding in a previous study that implantation of a peripheral nerve graft at 1-3 weeks after root avulsion could rescue adult motoneurons from death (Wu et al., 2004) .
Whether axotomized neurons die or simply atrophy has been a subject of contradictory reports. We and others found that a majority of spinal motoneurons died by 3-6 weeks after root avulsion (Wu 1993; Li et al., 1995; Novikov et al., 1995) , and that such death could be prevented by the local application of neurotrophic factors (GDNF or BDNF) immediately after injury (Wu, 1996; Wu et al., 2003) . Alternatively, neurons may undergo atrophy rather than death after axonal injury. Indeed, some recent studies have shown that rubrospinal neurons do not die but rather become atrophied for as long as 4 weeks to 1 year after cervical SCI, with the application of a neurotrophic factor (GDNF or BDNF) reversing this atrophy (Kwon et al., 2002 (Kwon et al., , 2004 Storer et al., 2003) .
In the present study, we found that if GDNF was not applied within 2 weeks after root avulsion, motoneurons only survive for a short period and then die. The different outcomes for motoneurons versus rubrospinal neurons may be due to the different locations of these two neuron populations, with spinal motoneurons projecting mainly to muscles. The survival of spinal motoneurons may depend more heavily on non-neuronally derived neurotrophic factors. We hypothesize that both motoneuron-regenerative and -degenerative cell-signaling pathways are activated immediately after root avulsion, and that the irreversible apoptotic signaling pathway may possibly begin shortly after avulsion if regenerative strategies are not offered. We therefore suggest that adult spinal motoneurons retain the ability to survive and regenerate for only a short period after root avulsion. Indeed, in a previous study we found a motoneuron loss of approximately 30% at 2 weeks and 70% at 3 weeks after root avulsion (Li et al., 1995) .
There appears to be a marked difference in motoneuron loss between 2 and 3 weeks after spinal-root avulsion. The protective effect of GDNF administered at 2 weeks but not at 4 weeks after injury, as seen in the present study, could be explained by the mechanism of delayed motoneuron death in the injury model used in the study. On the other hand, it has been shown that mRNAs for GDNF receptors (GFRalpha-1 and c-RET) in avulsed motoneurons, as well as laminins in lesioned spinal cord, were profoundly upregulated after ventral-root avulsion (Hammarberg et al., 2000; Cullheim et al., 2002) , but for only a few days. An increase in cell size was seen only at 7 days after injury (Kobayashi et al., 1997; Kwon et al., 2002) , and was followed by atrophy at 30 days (Dolbeare and Houle, 2003) . Therefore, treatment with neurotrophic factors such as GDNF at an early stage after root avulsion, when injured motoneurons upregulate their GDNF receptors, can enhance motoneuron survival. Indeed, the failure of late application of GDNF (at 4 weeks after avulsion in the present study) to prevent the death of injured motoneurons may simply be due to the downregulation of GDNF receptors by the time GDNF is applied.
Another interesting finding in the present study was that delayed treatment with GDNF can still remarkably downregulate nNOS expression by injured spinal motoneurons. The precise effect of nNOS on the outcome of injured motoneurons is still unknown. The NO/NOS system has been suggested to act as an endogenous trigger for the apoptosis of injured motoneurons (Ruan et al., 1995; Wu, 1996; Yick et al., 1999) . Motoneurons begin to express injury-induced nNOS at 3 days after spinalroot avulsion (Wu et al., 1994) . Treatment with GDNF or BDNF before expression of this nNOS almost completely prevents its expression (Novikov et al., 1995; Oppenheim et al., 1995; Wu, 1996; Chai et al., 1999; Wu et al., 2003) . However, the present study showed that GDNF, given even as long as 2 weeks after avulsion, can still inhibit injury-induced nNOS.
Although the precise role of injury-induced nNOS in spinal motoneurons after root avulsion remains uncertain, it may act as a replacement for neurotrophic factors when motoneurons are deprived of them (Wu, 1996; Wu et al., 2004) . Further study is needed to elucidate the intracellular signaling pathway of nNOS in avulsed motoneurons, and more importantly to find the crosslink between GDNF and nNOS signaling pathways in motoneurons injured by avulsion.
In summary, the present study shows that adult motoneurons die shortly (a few weeks in the rat) after spinalroot avulsion, but that motoneurons injured by avulsion can be rescued from degeneration by proper treatment at the appropriate time after injury. In rats, the best time for intervention with GDNF appears to be within 2 weeks after root avulsion. These findings provide useful information about the best time for the clinical treatment of brachial plexus avulsion. BOYD, J.G., and GORDON, T. (2003 
